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ABSTRACT

)58

This final report for Contract NAS1-3850 covers the evaluation
of critical factors related to a flight experiment involving reflective
surface samples. The program included the design, fabrication, and
test of aiérototype rotating arm reflectometer and evaluation of this
approach for application to the flight experiment. Also reported are
the results of studies for operating bearings and seals in space,
valving for satellite control, and a general reliability analysis for

the satellite. Further studies regarding methods of separating causes

of sample degradation also are included. Zijg&v
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1, INTRODUCTION

The quality of the reflectivity of solar concentrators reflective
surfaces is an important factor in the efficiency and effectiveness of
a solar power system._ In the case of a gplar power system designed to
operate in space the reflecting surface of the solar collector must be
exposed to the space environment and.oriented towards the sun. There
is much concern regarding the.performance of solar collector reflective
surfaces in the space enviromment. This is due to the meager data
available concerning the space environmeﬁt making it difficult to
perform valid ground simulation tests and accurately assess the results.

As a result of this situation, it would be desirable to actually
expose various solar concentrator reflective surfaces to the space
environment for a period of time and measure their performanée.
Electro-Optical Systems, Inc. under Contract NAS 1-2880 performed a
study to determine the feasibility of performing this solar concen-
trator reflective surface flight experiment. Among other things, this
study program resulted in a conceptual design of a reflectometer to
measure solar collector sample performance in the space environment.

The purpose of the program reported on in this document is to
design and construct a rotating arm reflectometer and to evaluate its
feasibility with respect to the design approach and its effectiveness
in meeting the experiment requirements. A rotating arm reflectometer
was constructed and evaluated., Since the instrument is a prototype
it was designed for some»flexibility with respect to the optical and
electronic systems, Thus, various modifications to the basic approach
of the rotating arm reflectometer may be made,if desired. In addition
to'the prototype reflectometer development, four other study subtasks
were accomplished, These were; 1, an evaluation of the reliability |

of operating bearings and seals in space; 2, the problem of valving

5101-Final ' 1-1



for attitude control; 3, a reliability estimate for the overall solar
collector test satellite; and 4, further work in attempting to separate
the causes of reflector degradation in the space environment.

The duration of this program was approximately 16 weeks, This

report gives the results of all five subtasks,
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2. SUMMARY AND RECOMMENDATIONS

This section summarizes the program for the evaluation of critical
factors related to a flight experiment for reflective surface samples.
The program was divided into five tasks and these were:

1. Demonstration model of optical system (reflectometer)

2. Bearings and seals for operétion in space

3. Valving for attitude control

4, Reliability

5. Separation of effects,
The first task involved design, fabrication, and test whereas tasks 2
through 5 were studies. The five tasks are summarized in the following

subsections,

2.1 Reflectometer

A full scale, rotating arm reflectometer was designed,
fabricated, and tested., The design philosophy of the reflectometer
was to provide a basic structure which would allow flexibility for
the optical and electronic subsystems. Thus, modification can be
made to the optical system (with the exception of the rotating arm)
and electronics without a basic mechanical re-design and fabrication.
The basic instrument is a cylinder 20,5" in diameter and
6.5" high. The rotating arm, which contains two front surface mirrors,
scans a ring of samples located on a 9" radius, Using circular samples,
1.5" in diameter, a total of 28 samples and two calibrate positions can
be accommodated. Only seven samples are provided on the demonstration
model, Six of these have electroformed nickel substrates and have a
variety of coatings. The other sample is an optical flat for evalua-

tion purposes,
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The optics of the reflectometer consists of two separate
optical systems each using the optics of the rotating arm. One optical
system utilizes a miniature incandescent filament for the light source,
a collimating and field lens, two beamsplitters, and a 2 x 2 mm lead
sulfide detector to perform a single '"white light" reflectance measure-
ment, The other optical system uses the virtual image of the sun

(formed by a spherical convex reflector) for the light source. Light

enters the instrument through a fused quartz window. The light traverses

this optical system in a manner similar to the first optical system up
to the last beamsplitter. Here the light enters a 60° prism. At the
gecond face of this prism a porgfbn of the light 1s refracted and
dispersed into a spectrum, Tﬁé'éther portion of the light is reflected
from the second prism and passeb out the third face in an undispersed
form giving a "white light" reflectance measurement, Four adjacent

4 x 4 mm lead sulfide detectors are used to measure the spectral energy.
These four detectors cover the wavelength regions of 0,38 - 0,46 u,
0.46 - 0.62 |1, 0.62 - 1,06 4 dnd 1.06 - 1,75 1 with fairly good spectral
resolution especially at low wavelengths, The astigmatic image formed
by the sunlight reflectivity off the spherical reflector is focussed

on the detectors to provide the spectral resolution. The white light

is a 2 x 2 mm lead sulfide cell.

Both optical systems are calibrated by means of a 45°-90°-45°
prism which makes use of total internal reflection. This prism is
located in orle of the sample positions, All transmitting elements of
the solar virtual image optical system are fused quartz, All detectors
use a bridge network with a dc ampiifier. The arm rotates at 24 rpm,

Both “white light" detectors can tolerate sample misalignment
of about + 1°. The solar virtual iﬁage optical system can tolerate a
satellite misorientation of about i_4o. The drift on the detector with
the highest gain (worst conditions) will produce a 0,1% reflectance
error, Noise is no problem and all detectors exhibit clean signals.

All detector outputs can easily be in the 0 - 5 volt range. The output
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of the uv detector was low because of the greater atmospheric absorptionm.
However, in space this problem is removed. The largest problem en-
countered is the curvature of the samples, This curvature (about -100"
focal length) destroys the resolution of the spectral measurements.

It is recommended that a different approach be used to overcome this

* problem.

This approach could use a field lens immediately behind the
last beamsplitter. This would form an image of the sample (similar
to the "white light" optical system) which could be used as the entrance
“s1it" to the spectrometer. The advantage here is that the entrance
“slit" is spatially stable and its position is less sensitive to sample
misalignment and curvature,

In order to minimize drift problems (which is a problem only
in meeting the 0 - 5 volt telemetry requirements) it is recommended
that a modification be made to the electronic system. This could take

the form of light chopping via reflectometer arm rotation or ac coupling.

2.2 Bearings and Seals for Operation in Space

As a result of the study performed on the problem of bearings
and seals for operation in space it is felt that the most reliable
solution is to utilize pressurized bearings operating through a seal,
The bearing lubricant would be methyl-phenyl-silicone oil with a dye
thickener. The seal would be a standard metal bellows type unit and
the sealing surface would be coated with molybdenum disulfide in a
sodium silicate binder, The mating ring would be a sintered mixture

of silver (80%) and MoS, (20%).

2,3 Valving for Attitude Control

Various valve manufacturers were contacted and, as. a result,
it is felt that state-of-the-art valves (such as in 0S0) will satisfy

the leak rate requirements of the solar collector test satellite,
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2.4 Reliability
A modest reliability analysis was made on the overall test
satellite (not just the reflectometer). This analysis included a gross
parts count and failure rate assessment, the various failure modes and
effects, and a reliability optimization. The result of the mean-time-
to-failure computation is that the probability of the total satellite
operating successfully for one year is 56%. The weakest link in the

chain appears to be the command receiver.

2.5 Separation of Effects

Further data on micrometeoroids and low energy protons are
given. It is concluded that it would be extremely difficult to separate
the effects of low energy protons and micrometeoroids with one satellite.
Two approaches to separating the above effects were analyzed. The most
promising is a spatial approach where an orbit is chosen with the peak
proton flux and the peak micrometeoroid flux occurring in different
portions of the orbit, By means of a movable shield, one set of

samples can be given more proton exposure while another set is given

more micrometeoroid exposure,
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3. DEMONSTRATION MODEL OF OPTICAL SYSTEM

This section describes the work accomplished in the design,
fabrication, and testing of the demonstration model of the optical
system (reflectometer). Figure 3,1 shows the assembled reflectometer
and the heliostat accessory. The basic configuration of the reflec-
tometer is similar to the preferred experiment package described in
the contract NAS 1-2880 final report. The purpose of the reflectometer
is to verify overall feasibility with particular attention to:

1, Adequate signal-to-noise ratio

2, Stability

3. Insensitivity to alignment,

The philosophy of the instrument design was to provide a basic structure
for the rotating arm reflectometer concept and yet provide flexibility
in the optical system design, In this respect, the instrument is not

an end in itself in that, at later dates, the optical system can be
modified (with the exception of the rotating arm) to evaluate other
approaches. As a result, little attention was given to minimizing the
weight and volume of the optical system, However, the actual operation
of the reflectometer in the space environment was considered in the
design and this is evidenced by the use of fused quartz optical elements,
singlet optical elements, windows for simulated sealing conditions, and
considerations of satellite attitude control accuracy. Thus, the
reflectometer described in this section is a step towards an instrument
which would measure the reflectance degradation of solar concentrator
reflective surfaces in the space environment. The following subsections
describe the mechanical, optical, and electronic aspects of the reflec-

tometer and also the test results,

5101-Final 3-1



FIG. 3-1 REFLECTOMETER AND HELIOSTAT
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3.1 Mechanical
The mechanical aspects of the reflectometer consist of the
basic structure, the rotating arm assembly, the optical and electronic
mounting bracketry, and the heliostat.

3.1.1 Basic Structure

The basic structure of the reflectometer is shown in
EOS Engineering Drawing No. 5101-1 (enclosed). The structure consists
of two machined aluminum discs separated 5-1/2 inches apart by four
standoffs. The diameter of the structure is such that 28 samples (1-1/2
inches in diameter) and 2 calibrate positions could be accommodated.
The samples are mounted on the periphery of the upper disc in the
appropriate holes provided. It was felt that it was not necessary to
have a complete ring of samples for the purposes of the demonstration
reflectometer. As a result, only seven samples are mounted on the
reflectometer covering an arc of a little less than 90°. 1In addition,
provision has been made to mount two calibrate prisms and one 0% calibrate
position. The samples themselves aré mounted in cups which are capable
of individual alignment. The upper structural disc has a central hole
which accommodates the rotating arm assembly. A smaller hole in the
upper disc allows the sunlight to enter the instrument for use as a
light source. The lower structural disc provides a mounting surface
for all of the electronic components and a majority of the optical
components., A thin aluminum skirt fits around the two structural
discs and serves to keep out stray light and dust. A cutout is provided
in the skirt for the control panel, The instrument rests on four rubber
pads fastened to the bottom of the lower disc. »

3.1.2 Rotating Arm Assembly

The rotating arm assembly provides the motion which
scans the reflectometer beam of light across the samples. Iﬁ consists
of a hollow cylindrical section and a hollow cylindrical tube whose
axes are perpendicular to each other, The cylindrical section mounts

in the center hole of the upper structural disc. This section contains
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two bearings three inches apart which provide the arm rotation. At
the bottom of this section is a disk which provides a surface

for driving purposes. The rotating arm assembly provides mounting and
adjustments for two mirrors and mounting for one quartz window.

3.1.3 Optical Element Mounting

All optical elements are mounted on the lower struc-
tural disc with the exception of the two mirrors and one window in the
rotating arm assembly and the one window where solar radiation enters
the instrument. A single mirror is located directly below the rotating
arm assembly cylindrical section and is provided with a push-pull type
angular adjustment. The two collimating lenses and beam splitters (see
Section 3.2) are mounted in a non-adjustable integral unit. All other
optical elements are mounted in separate fixtures and are adjustable to
various degrees. Also, all optical elements are fastened with glue on
their mounting fixtures.

3.1.4 Electronic Component Mounting

The reflectometer is designed so that all electronic
component mounting is on the lower structural disc, The three main
areas of electronic component mounting are on the lower structural disc
and the outer and inner control panels. These control panels are mounted
in turn on the lower structural disc. The outer control panel is hinged
to permit access to the.interior of the instrument for adjustment and
inspection. This panel can swing out from the instrument through the
cutout in the skirt, The inner control panel is located directly behind
the outer control panel and is mounted in a vertical positionm.

3.1.5 Heliostat

Since the reflectometer was to be tested using the sun
as a light source, it was felt necessary to construct a modest heliostat
to direct the sunlight at a fairly constant angle into the instrument,
The heliostat is mounted on the edge of the uppef structural disc and
consists of a motor and two mirrors. The motor drives one mirror at the

rate of 1/2 revolution per day and directs the sunlight towards the
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second mirror which is adjustable in height and reflects the sunlight
into the instrument, Power for the heliostat motor is supplied from
a receptacle located in the outer control panel. The heliostat is not
an integral part of the reflectometer and may be easily removed'énd

stowed in a separate case.

3.2 Optical
The optical portion of the reflectometer comsists of two

separate optical systems both sharing the optics of the rotating arm
assembly. Two light sources are used (one for each optical system)
which are an incandescent filament and a virtual image of the sun as
formed by a convex spherical reflector. The spatial relations of the
two optical systems are shown in Figures 3.2 and 3.3, Each optical
system has a “collimating" lens which nearly collimates the beams as
they traverse the rotating arm. The light beams of;the incandescent
light source (ILS) optical system and the solar virtual image (SVI)
optical system have a cemmon aperture stop at the sample. The optical
axes of the ILS and SVI optical systems are tilted slightly (about 20)
with respect to (and on either side of) the normal to the sample. As
a result, the collimated light of the ILS optical system passes through
beamsplitter A, goes to the sample, and is reflected off beamsplitter B,
On the other hand, the collimated light of the SVI optical system passes
through beamsplitter B, goes to the sample, and is reflected off beam~
splitter A, Thus, the two optical systems can be treated separately,
The following subsections discuss the optics of the rotating arm
assembly, the ILS and SVI optical systems, the calibrate functions,
and the samples. ' |

3.2.1 Rotating Arm Assembly

The rotating arm assembly contains two mirrors (M4 and

M5 - Figure 3.2). Both mirrors accommodate the ILS and SVI optical

systems, Since mirror M3 also accommodates both optical systems, it

will also be treated in this section., Mirrors M3, Mh’ and M5 have
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FIG. 3-3 REFLECTOMETER, TOP REMOVED
BACK VIEW
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angular push-pull adjustments, All mirrors in the entire reflectometer
optical system (including the heliostat) are front surface and coated
with aluminum with no overcoat.

The rotating arm assembly also includes a quartz
window 0.125" thick. The location of the window can-be seen in EOS
Engineering Drawing 5101-1 (enclosed). The window serves no functional
purpose with respect to the reflectometer demonstration model other
than to simulate a window which would be present on a satellite-borne
instrument. The purpose of the window in the satellite-borne instru-
ment is for sealing in the event that sealed bearings are used for the
rotating arm assembly. The window is tilted (about 100) so that the
air (vacuum)/quartz interface reflection does not interfere with the
reflectance measurement, This tilt (and window thickness) represents
a beam displacement of 0,015" which is not serious with respect to
vignetting. Also, the displacement is cancelled out when the beam
returns through the window.

Mirrors M3, M&’ and M wére aligned with the use of

5
a gas CW laser. Alignment was initiated with just M, and not other

optical elements present, The laser was adjusted soathat its beam was
parallel to and 0.75" above the lower structural disk. The optical

axes of both the ILS and SVI systems and all detectors are 0,75" above
this reference surface, Also, the laser beam bisected the angle between
the optical axes of the two optical systems and impinged on the center
of mirror M3. A translucent screen with a cross-hair in the center was
placed in the M4 position and M3 was adjusted until the laser beam was
centered., Actually, when M3 is properly aligned the laser beam is
slightly off the center of the translucent screen due to the parallel-
plate action of the quartz window. Under these conditions, when the
reflectometer arm is rotated, the beam appears to rotate aboﬁt the cross-

hair., Mirror M3 was adjusted until the radius of rotation of the beam

is a minimum and centered on the cross-hair., Mirror M, was then installed

4

and the translucent screen placed at MS' Mirror Mawas adjusted using the
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same criteria., Mirror M5 was installed and adested until the beam
was normal to the lower structural disk reference surface. This normal-
ity was determined by placing a flat reference mirror on the reference
surface and folding the beam back on itself. A screen with a hole the
size of the laser beam was placed over the laser and‘M5 was adjusted
so the return beam coincided with the hole., This adjustment is quite
accurate because of the long optical lever arm (about 40"). The samples
and calibrate prisms can élso be aligned in this manner,

The effect of bearing run-out on optical alignment
was also checked., The aligned rotating arm assembly was removed from
the top structural plate and mounted so that light from a collimator
was transmitted through the assembly. A flat mirror was placed over
the aperture just below M5 so that the light was sent back to the
collimator. Finger pressure was applied to the end of the arm (the
non~rotating part of the assembly was held rigid) and the mechanical
misalignment was about 30 arc seconds. Since the combination of mirrors
M4 and M5 have retrodirective properties a bearing run-out misalignment
can only result in vignetting, Thus, the bearing run-out misalignment

is not serious,

3.2.2 ‘ILncandescent Light Source Optical System (ILS)

This section describes the incancescent light source
system and includes the light source, optical elements, and detector.
Optical system alignment and transmission are also discussed. The
purpose of the ILS optical system is to perform a single “white light"
(broad spectral band as determined by the spectral characteristics of
the light source, optical system, and detector) reflectance measurement
on the samples, ‘

3.2.2,1 1ILS Optical System

The ILS optical system is shown in Fig.'s 3.4 & 3.5,
The light source is a B&L tungsten filament bulb, catalog Neo. 71-71-44.
It draws 390 ma in a range of 1.5 to 2.5 volts., The collimating lens

has a 6 cm focal length and a 2 cm clear apérture. The coilimating
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FIG. 3-5 REFLECTOMETER, TOP REMOVED
FRONT VIEW
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lens images the filament on the field lens. The field lens images
the sample on the detector, The detector is a 2 x 2 mm PbS element.
The beamsplitter which transmits the ILS light is glass and that which
reflects is quartz, The aluminum coating on both begmsplitters is on
the side towards the sample. The reason for two different materials
for the beamsplitters is economy. Since the incandescent filament is
very weak in the ultraviolet there is little need for quartz and all
ILS transmitting optics are glass, In the actual satellite~borne
instrument fused quartz would be used for its desirable resistance to
the space environment.

Because of sample alignment considerations
(Section 3,2,2.2) the actual size of the incandescent filament should
be as small as possible (as long as the signal level is acceptable).
The dimensions of the B&L source are ideal from this point of view,
However, the rated lifetime of this source leaves something to be
desired. One source (B&L) was life tested at 2.5 volts and burned out
at 84 hours. Even though the total one yéar on-time for the satellite-
borne instrument may be less than this, it would be desirable to operate
the source at a lower voltage, The B&L source gives satisfactory
signal levels when operated at 1.5 volts. This is 60% of its rated
voltage and according to the General Electric characteristic curves
of miniature tungsten filament lamps the 60% reduction of rated voltage
represents a 500x increase over the rated lifetime, This corresponds
to 42,000 hours which is more than sufficient. However, it is recom-
mended that some life testing be done on various lamps before the final
light source choice be made, |

3.2.2.2 1LS System Alignment

The only element of the ILS optical system
which is capable of adjustment is the light source and this adjustment
is in x, y, and z. With the reflectometer arm over a sample the light
soufrce is adjusted to focus its image at the field lens. The average

size of this image is 0,45 cm and the clear aperture of the field
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lens is 2 cm. This means that the image may be displaced + 0,77 cm
due to sample misalignment and the light will still pass through the

2 cm clear aperture. Regardless of where the light passes through the
clear aperture all the light will impinge on the detector since the
field lens images the sample on the detector. The oﬁtical distance
from the sample to the field lens is about 45 cm and the tangent of
the displacement angle is 0.77/45 = 0.018 or an angle of 1°. Thus, the
ILS optical system can tolerate a sample misalignment of % 1° and
still make a valid reflectance measurement. This sample misalignment
tolerance can be increased by increasing the clear aperture of the
field lens. This will also increase the dimensions of‘the rotating
arm assembly to avoid vignetting.

The focal length of the single element plano-
convex field lens is 4 cm and the detector is located about 4,5 cm from
this lens. Thus, the ratio of the sample-field lens distance to the
detector-field lens distance is 10. Since the detector area is 2 x 2 mm
then this represents a 2 x 2 cm area on the sample that is seen by the
detector. However, the clear aperture of the collimating lens is 2 cm
and the light between the collimating lens and sample is convergent
so the light spot on the sample is less than 2 cm diameter., Thus, the
image of the sample (light spot) on the detector will be smaller than
the detector sensitive area resulting in all the light passing through
the field lens impinging on the detector,

It was attempted to use all single element
lenses in the ILS optical system for simplicity and ruggedness.
However, only the field lens is a singlét. The collimating lens is
a cemented doublet, A single element collimating lens was tried but
the image size at the field lens was about 1.8 cm diameter due to
spherical abberation over such a long path length. This 1ef£ very
little room for sample misalignment, Therefore, the satellite-borne
instrument should have a cemented or air spaced doublet for the ILS

optical system collimating lens.
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3,2.2,3 Transmission

To evaluate the performance of the ILS
optical system the transmission of the optical system should be deter-
mined. This determination should include all reflecting and refracting
elements between the light source and the detector. -Because of the
large number of optical elements between the light source and detector,
most of which are at 45° to the incident beam, the transmission evalua-
tion should take into account polarization effects, Table 3,1 traces
the light path from light source to detector (minus the sample which

is to be measured) and lists all interfaces by optical element and type.

Interface Optical Element Type
1 Collimating lens Transmission
2 Beamsplitter Transmission
3 Mirror M3 (Fig. 3.2) Reflection
4 Quartz window Transmission
5 Mirror M4 Reflection
6 Mirror M5 Reflection
Sample
7 Mirror MS Reflection
8 Mirror M4 Reflection
9 Quartz window Transmission
10 Mirror M3 Reflection
11, Beamsplitter Reflection
-12 Field lens Transmission
TABLE 3,1 ILS OPTICAL SYSTEM INTERFACES
5101-Final 3-14
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From Table 3.1 we can write the following expression for the trans-

mission of the ILS optical system:

T = T1 X T2 x R3 X T4 x R5 X R6 X R7 X R8 x T9 x R10 x’R11 X le (3.1)
where T and R refer to transmission and reflection coefficients, respec-
tively. However, the optical elements which are at 45° to the incident
radiation have two transmission and reflection coefficients., These are
for planes of polarization parallel and perpendicular to the plane of
refleetion or refraction and are usually identified by the subscripts

p and s, respectively. Radiation from the light source can be consid-
ered as having two mutually perpendicular planes of polarization. Let
the polarization direction V be normal to the lower structural disk of
the reflectometer at the light source and H is in the direction parallel

to the disk., Then, the transmission of the ILS optical system is

TV + TH

Tes——"—. ' : (3.2)

The value of T will vary (by a known amount) as the reflectometer
rotates, This is because the particular polarization reflection
coefficients of the two mirrors in the rotating arm are a function of

the arm angular position with respect to mirror M An analysis has

3.
been carried out evaluating the ILS optical system transmission at arm

. o sy s .
positions of 0° and 90 . The 0° position occurs when mirror M, reflects

4

the light parallel to the incident light on mirror M Thus, Equation

3.
3.1 can be more accurately written to account for polarization effects

and arm position as

(3.3)

Vo 1% Tog X Ryp X Ly X Rop X R X Ry X Rgy X Ty X Ry X Rygs

]
o
]
=
o
=
]
=
1
=
x
o
™
=
]
=
]
=

TV 900 = Tl b'q T2S X R3p X T4 X R58 X R6s X 375 bd RSS X T9 X Rlop X Rlls
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The polarization effects of the collimating lens, tilted quartz window
and field lens are assumed to be negligible.
Equations 3.3 can be simplified by grouping

common terms. Assume that the collimating lens, the quartz window,
and the fieid lens are all quartz elements (which they would be in the
satellite-borne instrument). In this case we may write

T 4 T. xT, xT_, xT (3.4)

A 1 4 9 12
where TA is the transmission of one quartz element/air interface
(actually two interfaces)., Since all mirrors are aluminized we can
write for this type of reflection, RBp and RBS where the subscript B
refers to aluminum reflection at 45°, Finally, we can assign a subscript

c to the beamsplitter. The result is

TV 0° = TA X Tcs x R Bp x RCS

TV 900 - TA4 X Tcs X R2Bp x R4Bs X Rcs (3.5)
TH 0° = TA4 X Tcp X R6Bs X ch

TH 90° = TAA‘x TCp X R2BS * R4Bp-x ch

There are seven terms in Equations 3.5 to be evaluated - T T T |,

A’ “cs’ “cp
Regr Reps Rpgs and Ry .
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The amount of light reflected at one normal

incident quartz/air interface is

R = (-p?

(1)

The transmission for ome interface is T = 1-R, Each quartz element
. . . . 2 . .

has two interfaces so the total light transmitted is T~ (ignoring

secondary reflections, etc.). Thus, the term TA is

2
2
T, = [1 - Sﬁlllg ]
(nt1) .

Table 3.2 (Ref, 1) gives refractive index data for fused quartz,

A Q) o

0.34669 1.47757
0.404656 1.46971
0.435835 1.46677
0.546074 1.46014
0.643847 1.45676
1.01398 1.45030
1.12866 1.44893
1.36728 1.44622
1,52952 : 1.44434
1.6932 1.44234
1.81307 1.44078

1.97009 1.43861

TABLE 3,2  REFRACTIVE INDEX OF FUSED QUARIZ
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The value of TA at five different wavelengths is 0.927, 0.928, 0.932,
0.932, and 0.934 for wavelengths of 0.35, 0.40, 0.50, 0.70, and 1,00,
respectively.

The two polarized reflection coefficients
for the aluminized mirrors (RBS and RBp) may be calculated frgm the

optical constants of aluminum. An approximation of this calculation is

2
1 2
(n -—=) +k
_ cos@ .
Ry, = 2 . (3.6)
(n + cos¢) + k

2 2
_(n - cosg)” + k
RBs - 2

(n+ qos¢)2 + k

where n and k are refractive index and absorption coefficients, respec-
tively, and ¢ is angle of incidence. The validity of Equations 3,6

were checked by using a more exact expression (Ref, 2). This is

a2 + b2 ~ 2acosg + cosz¢

= (3.7
RBS 32 + b2 + 2acos¢ + cosz¢
_ a2 + b2 - 2asingtang + sin2¢tan%¢
Rep = Rps | 22 3 2
a + b + 2asingtang + sin ¢tan @
where ’
( 1/2
. : 2
a? = 12 < i(n2 - k2 - n 2 sin2¢) + 4n2k2 + n2-k2-n 2sin2 @
2n 1 o o
0 % L
\
and ¢ - : 1
2 1/2
2 1
b” = 7 3 (n2-k2-n 2 sin2 b)) -+ 4n2k2 - n2+k2+n 2sin2 3 2
m o o}
o
. 4
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where n_ is (in our case) 1.00. Figure 3.6 gives data on the optical
constants of aluminum from various sources. There appears to be a
discrepancy of reported absorption coefficients below 0.7 microns.
The line curves were the values used for these calculations, Calcula-
tions were made using Equations 3.6 and 3.7 for ¢ = 45°, The values
of RBp and RBs using Equation 3.6 are 0.895 and 0.944., These compare
to 0.898 and 0.947 for RBp and RBs’ respectively, as calculated from
Equations 3.7. As a result of this good agreement the easier Equation
3.6 was used to calculate the polarization reflection coefficients
shown in Fig, 3.7. Since optical constant data on aluminum is lacking
in the 1.0 - 2,0 4 region (our region of spectral interest is from
about 0.3 to 2.0 1) the dashed portion of the RBp and RBS curves
represent an interpolation (a data point at 2.0 p (Ref. 3) gives
n= 2,3 and k = 16.5) aided by the normal incidence curve (Ref, 7).

| Finally, the beamsplitter values Rbp’ Rcs’
Tcp’ and Tcs are needed for the ILS system transmission calculation.
Figure 3.8 shows unpolarized transmission. values for the two beam-
splitters used in the protetype reflectometer, These were measured
on a Beckman DU spectrophotometer at 45° incidence and include interface
losses. The data are not for the two polarization angles, thus, their
use for the ch, Rbs’ Tcp, and Tcs terms is an approximation. However,
in view of the large number of optical interfaces in the ILS optical
system an approximation on one does not seem serious,

Using Equations 3.5 the polarization trans-

mission coefficients for the ILS optical system can be calculated

(Table 3,3). _
Q) V.o vV, .0 H o H, .0

0 90 . 0 790~
0.35 0.0332 0.0392 0.0425 0.0353
0.40 0.0354 0,0425 0.0466 0.0383
0.50 0.0349 0.0432 0.0484 0.0391
0.70 0.0253 0.0349 0.0411 0.0299

1.00 0.0415 0.0510 0.0565 0.0460

TABLE 3.3  POLARIZATION TRANSMISSION COEFFICIENTS
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The data from Table 3.3 can be used in Equation 3,2 to give the T o

0

and T90° transmission values shown in Fig. 3.9. As can be seen, the
average ILS optical transmission is about 4%. Also, the apparent

modulation of the light by virtue of the arm rotation is 2.4%.

3.2.3 Solar Virtual Image Optical System

The purpose of the solar virtual image optical system
is to perform four spectral and one white light reflectance measurements

on the solar-collector test samples. This section includes a general

discussion of the optical system, alignment problems, system transmission,

and the spectral and white light measurements.

3.2.3.1 SVI Optical System

Details of the SVI optical system can be seen
in Fig. 3.2 and the photo (Fig. 3.10). All refracting elements of the
SVI optical system are made of General Electric 151 fuzed quartz, This
was done not only to simulate optical conditions for the satellite-borne
instrument but also to be able to perform a near-ultraviolet spectral
measurement; All reflecting elements in the SVI system are uncoated
aluminum,

Solar radiation from the heliostat enters
the reflectometer from the quartz window located in the top structural
disk, This window is located in the same radial direction as the zero
percent calibrate position (Section 3.2.4) so that the obscuration of
the window by the arm presents no problems. The purpose of the window
is, of course, to simulate the sealing window of the satellite-borne
instrument with a sealed system (bearings). After passing through the
quartz window the sunlight impinges on a spherical convex reflector
(5 cm radius of curvature) which forms a virtual image of the sun.

This virtual image is the light source of the SVI optical system.
Light from the virtual image is reflected by two flat mirrors to the
collimating lens. The purpose of the two mirrors is to obtain the

proper sun~-line-of-sight/optical axis angle and to be able to adjust
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FIG. 3-10 REFLECTOMETER, SKIRT REMOVED
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the spherical reflector/collimating lens distance. The angle of the
spherical mirror is adjustable and the upper of the two mirrors is
adjustable in angle and height. The lower flat mirror and collimating
lens are fixed, The collimating lens (plano-convex) has a 17 cm focal
length with the planc side toward the virtual image and a 2 cm clear
aperture,

After traversing the collimating lens the
light path is similar to (but opposite) that of the ILS optical system,
i,e,, beamsplitter, M3, tilted window,‘M4, MS’ sample, MS’ MA’ tilted

window, M,, and beamsplitter, Here, of course, the light is transmitted

through tae quartz beamsplitter and reflects off the glass beamsplitter.
After reflection off the last beamsplitter the light enters the quartz
dispersing prism. Upon entering the first face of the 60° dispersing
prism the light goes to the second face. Here the light is divided

and part of it is refracted at the second face and is dispersed into
the spectrum for the four spectral measurements, The other part is
reflected from the second face, passes out through the third face for
the white 1light reflectance measurement, Light passing through the
prism in this latter method undergoes no dispersion. A field lens
focusses the white light energy on the detector in a similar manner

to the ILS system. To gain some épectral resolution, use is made of the
astigmatism produced by the spherical convex reflector forming the
virtual solar image. An array of four, 4 x 4 mm PbS detectors complete
the spectral portion of the SVI optical system. Two flat mirrors are
used in the SVI system because of spatial restrictions in the reflec-
tometer, Ohe mirror is between the 60°'prism and the white light

field lens and the other is between the prism and the four spectral

detectors.

3,2.3.2 SVI System Alignment

There are two major causes of the SVI optical
system misalignment, One cause is solar orientation and the other is

sample misalignment, The problem of solar orientation is related to
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the problem of satellite attitude control and represents a major
design interface between the reflectometer instrument and the satellite
system (in particular the attitude control subsystem).

The position of the solar virtual image is
a function of the average angle of incidence of the sunlight on the
spherical reflector. The term average is used because of the spherical
reflecting surface, If the position of the solar virtual image is
shifted due to satellite misalignment, then a misalignment of the optical
system occurs, If the spin axis of the satellite is considered theroll
axis, then the optical axis of the SVI system between the spherical
reflector and the collimating lens may be chosen as the yaw axis. The
pitch axis is then orthogonal to the other two axes. Satellite mis-
alignment in the pitch axis is the most serious and only this will be
considered. |

Figure 3,11 illustrates the geometry between
the impinging solar radiation, the spherical reflector, and the colli-~
mating lens. The angle Yo is the average or nominal angle of incidence
of solar radiation on the reflector., The angle B, defined by B = vy - Yoo
represents satellite misalignment in the pitch axis resulting in the
optical system misalignment 8. The radius of curvature of the spherical
reflector is R and d is the distance between the point of reflection of
the average ray and the collimating lens.

From the law of sines the following expression

can be written

sin (Y +{) _ sin 8
Rcosa+d+b R (3.8)
However
Y+ § =180 - v
(3.9)

and sin (v + §) = sin Y
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Also,

R sin «

b= tan 6

(3.10)

Substituting Equations 3.9 and 3.10 into 3.8 and rearranging terms we

obtain
sin v = (d/R + cos @) sinb + sin o cos 6 (3.11)

This expression holds only when the angle § is above the optical axis.

When O is below the optical axis Equation 3.1l becomes:
sin y = (d/R - cos @) sinf + sin @ cos 6§ (3.12)
Equations 3.11 and 3,12 were solved numerically, Values for d/R, «,

and 0 were chosen and solved for y. The term B was calculated for

Equation 3,11 by means of

¢ =180+6 -2y
and ¢ =180 - 2 a
and B =¢ - =Y-Y

For Equation 3,12 the term P was calculated by means of

¢ =6+ 2y
and ¢o =20 |
and B =¢ -¢=vy -Y

The results of these calculations are shown
in Fig. 3.12 where the three main parameters affecting the SVI optical
system misalignment are the angle @ (which is related to the nominal

sun line-of-sight/SVI optical axis angle), the ratio d/R and the
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satellite solar orientation accuracy. From Fig. 3.12 it can be seen
that for a given satellite orientation accuracy the SVI optical system
misalignment can be minimized by 1increasing the angle & and the ratio
of d/R. As & increases the length of the astigmatic image (Section
3.2.3.4) increases and vignetting becomes a problem (assuming the
rotating arm cross section is constant). As the d/R ratio increases
the collected energy decreases by approximately the inverse square of
this ratio (assuming a constant aperture for the collimating lens).
These are the SVI optical system trade-offs with respect to satellite
attitude control., The demonstration model of the optical system has

a d/R ratio of about 4 and an o of about 400. Under these conditions
a satellite attitude control accuracy of + 4° (which seems reasonable)
will result in a SVI optical system misalignment of 22 minutes of arc.
This misalignment can be accommodated by the SVI optical system white
light detector. The results of this misalignment on the spectral
measurements will be discussed in Section 3.2.3.4.

The other source of SVI optical system
misalignment is that due to the sample., With respect to the SVI white
light measurement the alignment considerations are very much the same
as with the ILS optical system. Here the critical factor is the size
(cross section) of the optical beam at the field lens since the field
lens images the sample on the detector. The average size of the beam
at the field lens is 0.6 cm. The clear aperture of the field lens is
2 cm (although it could be larger since it is further from the sample
than the field lens of the ICS system). Thus, the beam can be displaced
at the field lens + 0.7 cm and still pass the clear aperture. The
distance from the field lens to the sample is 48 cm which represents a
sample misalignment of j;O.Sofor the SVI white light measurement,

' In the case of the spectral measurements a
sample misalignment will manifest itself in two ways. One is along or

parallel to the wavelength scale and the other is normal to this scale.

I1f any spectral resolution is to be maintained (via the astigmatic image)
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it appears that very little can be done about the problem of sample
misalignment manifesting itself parallel to the wavelength axis, This
will result in a shift of the spectrum over the four detectors, This
spectral shift could be measured (not a solution to the problem) by
placing a beam splitter between the 60° prism and the white light field
lens. This beamsplitter could reflect (or transmit) a portion of the
beam energy to a pair of adjacent detectors which would measure the
beam deflection (due to sample misalignment or attitude control) by a
comparison of their resulting signals., This additional beamsplitter
will lower the radiant energy falling on all the SVI optical system
detectors but with a d/R ratio of 4 this is not expected to be serious.
A better solution to the sample and satellite
attitude misalignment would be to modify the SVI optical system. This
modification would consist of placing a short focal length field lens
immediately adjacent to the last beamsplitter. This field lens would
form a small image of the sample which would become the entrance slit
for the spectrometer. The position of this image would be insensitive
to sample misalignment and relatively insensitive to attitude misalign-
ment. Also, the position of this image would be insensitive to any
sample curvature. The light from this entrance slit image would be
collimated by a lens and sent through the dispersing prism. Another
lens would form an image of the entrance slit image at a distance com=~
patible with the required spectral resolution, detector array size and
angular spectral dispersion. This modification should solve the sample

and satellite misalignment and sample curvature problems.

3.2.3.3 8VI Optical System Transmission

As with the ILS optical system, the SVI optical
system transmission should be evaluated with respect to the light beam
polarization components. This is especially true here since the reflec-

tions and refractions at the 60° prism could be particularly sensitive
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to polarization, Table 3.4 traces the light path from the incoming
sunlight to the detector for the spectral measurements and Table 3.5
does the same for the SVI white light measurement. Of course, for the
satellite-~-borne instrument the two heliostat mirrors would not be needed,
Considering first the optical interfaces of
the spectral measuring system, interfaces 3, 7, 10, and 15 are the same
as TA (Section 3.2,2.3) and have novpolarization components, Interfaces
1, 2, 4, 5, 6, 9, 11, 12, 13, 14, 16, and 20 are the same as the RBp
and RBS terms of Section 3.2.2.3. Interfaces 8 and 17 are the same as
the Tcp’ Tcs’ and ch: RCS (beamsplitter), respectively of Section 3.2.2.3.
Interfaces 18 and 19 can be calculated from
Fresnel's equations. The polarization reflection coefficients for the

reflection at interface 18 are

2

. - '
R g, = 31“2 (3.13)
sin” (gt¢')
and
R - tan2 ~g!
18p

tan® (g+0')

where ¢ is the angle of incidence on interface 18 and ¢' is the angle

of refraction (sin ¢' = sin ¢/n). The transmission of interface 18 is

then

T185 =1- 3185 . (3.14)
and

Tigp = 1 = Rigp
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Interface

O 0 N o LN

L
N = O

Sample

13
14
15
16
17
18
19
20

TABLE 3.4

5101-Final

Optical Element

Heliostat mirror
Heliostat mirror
Quartz window
Spherical reflector
Mirror

Mirror

Collimating lens
Beamsplitter

Mirror M3 (Fig. 3.2)
Quartz window
Mirror M

Mirror M

Mirror M
Mirror M
Quartz window
Mirror M

3
Beamsplitter

Prism (600) - first face

Prism (600) - second face

Mirror (folding)

Type

Reflection
Reflection
Transmission
Reflection
Reflection
Reflection
Transmission
Transmission
Reflection
Transmission
Reflection

Reflection

Reflection
Reflection
Transmission
Reflection
Reflection
Transmission
Transmission

Reflection

OPTICAL INTERFACES - SVI SYSTEM - SPECTRAL
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Interface Optical Element
1 Heliostat mirror
2 Heliostat mirror
3 Quartz window
4 Spherical reflector
5 Mirror
6 Mirror
7 Collimating lens
8 Beamsplitter
9 Mirror M3
10 Quartz window
11 Mirror M4
12 Mirror M5
Sample
13 Mirror MS
14 Mirror M4
15 Quartz window
16 Mirror M3 ’
17 Beamsplitter
18 Prism (600) - first face
19 / Prism (600) - second face
20 Prism (60°) - third face
21 Mirror (folding) ‘
22

5101-

Field lens

Iype

Reflection
Reflection
Transmission
Reflection
Reflection
Reflection
Transmission
Transmission
Reflection
Transmission
Reflection

Reflection

Reflection
Reflection
Transmission
Reflection
Reflection
Transmission
Reflection
Iransmission
Reflection

Transmission
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In a similar manner the transmission of interface 19 can be written

L2
T g, = 1- E_l_nz_(.@__Q_l (3.15)
S sin” (646')

2
1 - tan_ (6-6')

T 7
“tan” (B+6')

19p

where 6 = 60 - ¢' and sin 8' = n sin 6. Equations 3.14 and 3.15 were
used to calculate the transmissions of interfaces 18 and 19 using

¢ = 280. These transmission values are shown in Table 3.6.

WAVELENGTH (1)

0.35 0.40 0.50 0.70 1,00
Tge 0.949 0.949 0.952 0.952 0.952
T g 0.975 0.975 0.975 0.977 0.977
T o, 0.558 0.580 0.616 0.658 0.672
Tiop 0.843 0.864 0.891 0.918 0.925

TABLE 3.6 PRISM TRANSMISSION VALUES FOR
SPECTRAL MEASUREMENTS

The polarization transmission coefficients
of the spectral SVI optical system for two different rotating arm
positions (using the same V and 14 polarization directions as in Section

3.2.2.3) can now be written as;

5101-Final 3-36




4 11
Ty oo =Ty xT xRy xRy xR xTige ¥T1gs
T o=T4xT xR7 xR5 xR xT x T (3.16)
VvV 90 A cs Bp Bs cs 18s 19s
4 11
TH 0° —TA xTcpxR Bs xRBpchpr18pr19P
4 7 5
TH90°_TA XTCPXRBSXRBPXRCPXT].SPXTlgp
and
T o+ T o
Ly o H 0 -
T 0° = 7 (3.17)
T O=Tv 90° ¥ Ty 90°
90 )
Table 3.7 shows the results of Equations 3,16 and 3.17.
A () Ty ¢° Ty 90° Ty o° Ty 90° T ¢o° T 900
0.35 0.0110 0.0131 0.0250 0.0211 0.0180 0.0171
0.40 0.0122 0.0146 0.0282 0.0234 0.0202 0.0190
0.50 0.0123 0.0153 0.0296 0,0239 0.0210 0.0196
0.70 0.0076 0.0104 0.0222 0.0158 0.0149 0.0131
1.00 0.0175 0.0216 0.0390 0.0319 0.0283 0.0268
TABLE 3.7 SVI SPECTRAL MEASUREMENT
POLARIZATION AND TOTAL TRANSMISSION VALUES
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Considering now the transmission of the SVI

white light measuring portion of the optical system, the optical inter-

faces are the same as the spectral up to and including Interface 18

(Table 3.5). The reflection from Interface 19 is calculated from

Fresnel's equations as is the transmission of Interface 20,

21 and 22 have been described before.

Interfaces

The polarization transmission

coefficients of the white light SVI optical system for two different

rotating arm positions can now be written as

(3.18)

' 5 11
TV 0° ~ TA x Tcs x R Bp X RBs x Rcs ® T185 X R19s T205
a5 7 5
Ty g9 =Ty xTog xR x Rp X Rs ¥ T1gs * Rigs ¥ Topg
T o =T > x T X R11 xR, xR xT x R T
HO A cp Bs Bp cp 18p 19p 20p
T =T > x 7 X R7 X R5 xR xT x R T
H90° T "A cp Bs Bp * "cs * T18s * "19s © ~20s
Table 3.8 shows the results of Equations 3.17 and 3.18.
A W e Two®  Tgee® To° T 99°
0.35 0.0083 0.0098 0.0045 0.0038 0.0064 0.0068
0.40 0.0084 0.0101 0.0043 0.0036 0.0064 0.0069
0.50 0.0072 0.0091 0.0035 0.0029 0.0054 0.0060
0.70 0.0038 0.0050 0.0019 0.0014 0.0029 0.0032
1.00 0.0082 0.0100 0.0031 0.0025 0.0057 0.0068
TABLE 3,8 SVI WHITE LIGHT MEASUREMENT
POLARIZATION AND TOTAL TRANSMISSION VALUES
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Figure 3.13 shows the total transmission of
both the spectral and white light portions of the SVI optical for
rotating arm positions of 0° and 90°. The spectral system transmission
is purposely higher than the white light since this energy has to be
shared by four detectors. The adjustment of the energy ratio to the
two types of measurements is the entrance angle of incidence to the
prism, The dip in the transmission curves at 0.80 u is due to the
aluminized mirrors, The drop-off of the spectral measurement trans-
mission in the violet is due to the energy division action of the prism,
i.e., the violet is reflected more than the near infrared. This also
explains why the transmission rises so sharply in the near infrared for
the spectral measurement transmission curve,

The apparent modulation of the light beam by
the action of the rotating arm is 7 - 8%, This is greater than the
apparent modulation in the ILS optical system because the light beam
is more polarized (due to the greater number of mirrors) when it enters
the rotating arm, The transmissions of both the spectral and white
light optical systems are admittedly low, However, all optical elements
are performing necessary functions in the simulation of the satellite-
borne instrument optical system (with the exception of the heliostat
mirrors).

3.2.3.4 Spectral Measurements

The results of contract number NAS 1-2880
indicated that the measurement of spectral reflectivity was desirable
in the evaluation of solar-collector sample degradation in the space
environment, The knowledge of spectral reflectance degradation is not
only useful‘with respect to engineering and scientific data of sample
performance but also yields clues as to the possible causes of degrada-
tion, Therefore, it was recommended in the above contract thliat coarse
spectral measurements be performed with the solar collector test

satellite,
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In order to achieve meaningful spectral
reflectance data some dégree of spectral resolution must be realized.
A degree of spectral resolution is achieved in the demonstration model
optical system by focussing the astigmatic image formed by the spherical
convex reflector and the collimating lens of the SVI optical system on
the detector array. The light emanating from this combination of
optical elements produces two mutually perpendicular astigmatic line
images at different distances from the collimating lens.

For maximum spectral resolution the width of
the astigmatic line should be a minimum., The width of the line is a
function of the radius of curvature of the spherical reflector and the
ratio of the image and object distances (magnification) of the colli-
mating lens, The larger the radius of curvature of the spherical
reflector, the wider the astigmatic line image will be, The image
distanée (optical path from the collimating lens to image) is rather
large (due to the voyage up and back in the rotating arm) and fixed.
Thus, the only control over image width is by means of the radius of
curvature of the spherical reflector and the object distance which can
be adjusted by changing the focal length of the collimating lens. To
minimize the astigmatic image width the spherical reflector fadius of
curvature must be smaller and/or the collimating lens focal length
longer. For a given collimating lens aperture, both these parameters
will affect the light gathering ability of the SVI optical system by
roughly their inverse square, Also, packaging considerations will
limit the collimating lens focal length. Thus, a system trade-off must
be achieved,

‘The length of the astigmatic image is a
function of the angle between the sun-line-of-sight and the SVI system
optical axis (180 - ¢o’ Fig. 3.11) and the angular aperture of the
collimating lens., When 180 - ¢o is zero the length of the image is the
same as the width and there is no astigmatic line, As the angle 180 - ¢o
increases, astigmatism appears and the length of the image increases with

very little increase in width,
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With the demonstration model reflectometer
the angle 180 - ¢o is about 45°, Under these conditions the width of
the line image is about 1 mm and the length is about 5 - 6 mm. The
line image nearest the collimating lens is used since this is slightly
smaller in width than the other image. The detector array consists of
four 4 x 4 mm lead sulfide detectors immediately adjacent in a row.
The detector size was chosen from image length, spectral dispersion,
and signal-to-noise ratio considerations.

Since the width of the astigmatic image is
somewhat fixed by the image distance and energy considerations (via
spherical reflector radius of curvature and collimating lens focal
length) the spectral resolution can only be increased by increasing
the angular spectral dispersion of the quartz prism and/or the distance
between the prism and the detectors. The angular dispersion is a
function of the prism apex angle, the prism material, and the angle
of incidence on the prism entrance face. An apex angle of 60° was
chosen as a result of trade-off considerations of detector size
(spectral resolution and prism/detector distance) and the division
of energy between the spectral and white light measurements. The
angle of incidence was chosen to be about 400 from the same considera-
tions.

Figure 3,14 shows the angular dispersion
curve for the 60° quartz prism with a 40° angle of incidence. The
angles given in Fig. 3.14 are the angles of refraction of the light
emerging from the second face of the prism. Curves are also given for

39° 50' and 40° 10